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Abstract 
Measurement of tensile strength of soil by direct methods can be challenging due to difficulties in 
sample preparation and in fixing the specimen while applying uniaxial tension forces. However the 
tensile strength of soil samples can be measured by indirect tests, such as the Brazilian and double punch 
tests, assuming that tensile stress is distributed uniformly on the failure plane. In this study, the tensile 
strength of statically-compacted sand bentonite and cement-enhanced sand bentonite mixtures is 
measured in varying curing time periods using the “double punch” test. The compressive strengths of 
samples are also measured using the unconfined compression test, and the correlation between tensile 
and compressive strength is discussed in relation to curing time. A simple method is also applied to 
determine the undrained cohesion and internal friction angle of samples through the Mohr-Coulomb 
circle method, using the double punch tensile strength and unconfined compressive strength. The results 
show that cohesion increases in both sand bentonite and sand bentonite-cement samples along with 
curing time. 
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1 Introduction 
In most countries, the primary method of waste disposal is the use of landfills, which are containment 
facilities that prevent or minimize pollutant migration into underground water and the local 
environments. Compacted mixtures of sand-bentonite are commonly used as landfill barriers due to 
lower susceptibility to frost damage and their lower potential for volumetric changes during wetting and 
drying processes (Montanez, 2002). Bentonite, as a clay material with high amounts of montmorillonite, 
appears to be a good option when used together with sand, due to its high water absorption capacity and 
very low hydraulic conductivity. It is the sand that holds the main structure of the compacted mixture 
together.  
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On the other hand, earth structures, such as landfill liners and covers, develop tensile cracks when 
subjected to desiccation, differential settlement, or other external loads. Tensile cracking may adversely 
affect the performance of the structure by reducing the overall strength and bearing capacity of soil, thus 
increasing the hydraulic conductivity of barriers. Tensile cracks represent Mode I failure as described 
in fracture mechanics. This phenomenon is not very well studied in geotechnical approaches, mainly 
due to lack of a standard laboratory testing technique devised for soils (Fang and Chen, 1972; Kim et 
al., 2012). The importance of studying tensile characteristics of compacted soils is emphasized by 
various researchers. Leonards and Narain (1963) investigated the cracking behavior of earth dams by 
testing the flexural strength (tensile-bending) of a clay-beam. Conlon (1966) performed unconfined 
tensile testing (direct tension) on soft silt by necking the mid portion of the specimens so as failure 
occurred in this zone. Suklje (1969) indicated that when cohesive layers at the base of open excavations 
are subjected to artesian water pressures, tensile fissures can appear, and the critical hydraulic gradients 
depend on the shearing strength as well as tensile resistance of soil. The effect of tensile strength in 
cohesive slopes was studied by Spencer (1968) and Suklje (1969) who indicated that creep and critical 
state stresses with tensile principal stress develop in the upper parts of slopes. George (1970) and Sih 
and Fang (1972) applied fracture mechanics theory in assessing the tensile characteristics and cracking 
in various highway materials. 
 On the other hand, it is well accepted that knowing strength parameters of soils cohesion, c, and 
internal friction angle φ is essential in conventional analyses of the stability of soil systems. However, 
the test methods used for determining these parameters are generally expensive and time-consuming. In 
this study a modified Mohr-Coulomb failure, suggested by Chen and Drucker (1969), is adopted which 
utilize tensile and compressive strength data for predicting undrained cohesion and friction angle of the 
compacted samples using a graphical solution. 
2 Materials and Sample Preparation  
The materials used are sea sand, Na-bentonite, and cement. Sand is a poorly graded uniform 
carbonate sand obtained from the Famagusta coast in the eastern part of Cyprus with specific gravity 
2.68, mean diameter (D50) 0.20 mm, effective diameter (D10 ) 0.14 mm, uniformity coefficient (Cu) 1.53, 
and coefficient of curvature (Cc) 0.99. Na-bentonite is obtained from Karakaya Bentonite Inc., Turkey, 
with liquid limit and plastic limit of 486% and 433% respectively, and a specific gravity of 2.51. The 
cement used in this study is ordinary Portland cement type I. The mixtures of 15% bentonite-85% sand 
and 80% sand-15% bentonite and 5% cement were prepared according to percentage of the dry mass. 
The material was prepared by pre-drying sand and bentonite in an oven, with the drying temperature not 
exceeding 60 ° C for bentonite. Sand was then passed through a 2.00mm sieve to eliminate impurities. 
The optimum water content and maximum dry density of the mixtures were obtained by standard Proctor 
compaction test according to ASTM D698-12. The measured optimum water content was 17% for both 
mixtures and maximum dry densities were 1.624 g/cm3 for 15% bentonite-85% sand and 1.663 g/cm3 
for 80% sand-15% bentonite-5% cement. In order to attain homogenous moisture content within each 
sample, the batches were mixed thoroughly in a mechanical mixer, sealed in double nylon bags, and 
kept for 24 hours prior to compaction. For cement-included samples, the required percentage of cement 
by dry mass of sand-bentonite mixture was added directly before compaction, ensuring that the mixing 
and compacting period would not exceed the setting time. In order to achieve identical samples, Proctor 
maximum dry-density and optimum water-content values were used to prepare statically compacted 
samples required for strength tests with an acceptable error margin of ±5%. The mold sizes for 
unconfined compression and double punch tests were 36 x 76 mm and 101.6 x 116.8 mm in diameter 
and height respectively. 
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3 Methods 
The compressive strength of samples was measured using unconfined compression test method 
according to ASTM D2166-06. Samples were compacted statically at their maximum dry density and 
optimum water content with modified CBR machine. For tensile strength measurements double punch 
test method was used. Double punch or unconfined penetration test can be briefly described as using 
two steel discs centered on both top and bottom surfaces of a cylindrical soil sample and applying load 
on the discs till the failure of specimen. In this process a cone of soil with same diameter of discs would 
be formed in the sample penetrating to the rest of compacted soil (Figure 1). The samples used for this 
test were compacted in standard Proctor compaction mold to their maximum dry density and optimum 
water content and were cured 1, 7 and 28 days, covered in cellophane bags in room temperature, prior 
to the tests. Steel spacer disc diameters were 38.1 mm as one of the disc sizes suggested by Kim et al. 
(2007) and the test was performed at displacement ratio of 1mm/min. It is of great significance to apply 
the load on center of sample, so top and bottom metal discs would be applying load to the same vertical 
axis. In order to reduce the measurement errors a top and bottom cap were produced out of Teflon 
material -to keep them light weight- with holes in their centers in the same size of the metal discs. These 
caps were connected to each other during the test procedure with tiny springs, so the external pressure 
on sample would be minimal. The double punch setup and the schematic of it is shown in (Figure 2). 
 
 
Figure 1. Double punch test specimen after failure: (a) The rupture surface cone of sand-bentonite-cement, (b) 
radial tension cracks. 
      
Figure 2. (a) The test setup with top and bottom caps, metal discs and springs used for double punch test, (b) 
Schematic of double punch test. 
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Figure 1 (b) shows an ideal failure mechanism for a double-punch test on a cylindrical compacted 
specimen. It consists of many small tension cracks in the radial direction and two cone-shaped rupture 
surfaces right beneath the punches. As the force is applied the hypothetical cones move toward each 
other as rigid body and dislocate the surrounding material sideways, as an instance the rupture cone of 
a failed sample is shown in Figure 1 (a). The relative velocity vector δw, at each point on the hypothetical 
cone surface is inclined at an angle, φ to the surface. The rate of dissipation of energy can be calculated 
by multiplying the area of each cutoff surface by σt times the separation velocity for a tensile crack. 
Formulating the external rate of work to the total rate of inner dissipation produces the value of the 
upper bound on the applied load p, as given in Equation 1 (Kim et al., 2007; Fang, 1970).   
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where, α is the angle of cone, a is radius of the disc, b is radius of specimen and h is height of 
specimen (Figure 2 b).  
In the condition of maximum pressure responsible for failure the equation can be reduced to Equation 
2, and tensile strength can be computed. 
 ߜ௧ ൌ
݌
ߨሺܾ݄݇ െ ܽଶሻ (2) 
 Where k is a constant equal to k= tan (2α+φ). 
The value of k depends on the angle of friction, compressive-tensile strength ratio and sample-punch 
dimension ratio. The variations of the k value are shown in Table. 1. The sizes of specimen 
recommended by Fang and Chen (1972) are Proctor and CBR molds where the values of φ were assumed 
to be 0 and 20 degrees. These values of k were recommended for practical use by Kim et al. (2007), 
Fang (1970) and Fang and Chen (1971). 
 
  Soil Stabilized Materials 
Proctor Mold 1.0 1.2 
CBR Mold 0.8 1.0 
Table 1. Recommended values of k (Fang and Chen, 1972). 
 
The modified Mohr-Coulomb failure envelope, which is suggested by Chen and Drucker (1969) is 
achieved graphically in this study. The failure envelope is formed by three Mohr-Coulomb circles and 
the failure envelope. The diameter of the smallest Mohr circle, σt, is equal to the magnitude of the tensile 
strength which is determined by double punch test. The qu circle has a diameter equal to the unconfined 
compressive strength. These two circles are outer tangent to each other. There will be a third circle inner 
tangent to tensile strength Mohr circle and intersecting unconfined compression Mohr circle. The failure 
envelope tangent to unconfined compression Mohr circle at one point and to the third circle at another 
point will intersect the τ-axis to define the cohesion intercept. The cohesion intercept, c, is related to the 
tensile strength of the material, Equation 3. 
 ܿ ൌ
ߪ௧
ߦ  (3) 
 Where, ߦ is a function of plasticity index suggested by Fang and Hirst (1973) as Equation 4.  
Tensile Strength Properties of Sand-bentonite Mixtures Enhanced with Cement Iravanian and Bilsel
114
  
 ߦ ൌ ͲǤ͵Ͷ ൅ ͲǤͲͳ (4) 
By measuring plasticity index, it is possible to find all the necessary parameters to draw Mohr circles. 
Using properties of circle and tangent line, the internal friction angle φ can be determined geometrically. 
4 Experimental Results and Discussions 
Figure 2 shows the results of double punch test. The yielding point of each curve shows the 
maximum tensile strength of sample. As it is expected the failure of sand bentonite, SB, samples are 
generally ductile due to presence of swelled bentonite. It can be seen that tensile strength of sand-
bentonite samples is not much affected by duration of curing time and they only show a slight increase 
in tensile strength as curing time is extended, however the deformation of samples before failure, in 
samples with 28 days curing time is reduced.  
  
Figure 2. Double punch test results of (a) Sand-bentonite, (SB), (b) Sand-bentonite-cement, (SBC) specimens. 
  
As compared to SB sample the tensile strength of 28 days cured SBC, sample is increased about 19 
folds. Although 1 day cured sample shows relatively ductile failure and low tensile strength, as the 
cement inside mixture get hydrated the bonding between the grains increase and therefore strength of 
samples raises up to five times in 7 days and eight times in 28 days of curing. 
The results are depicted in Figure 3 as tensile strength versus curing time for SB and SBC samples. 
The test results indicate a 1.2-fold increase in the double punch tensile strength of SB and 7-fold increase 
in SBC specimens at the end of 28 days curing period.  
As suggested by Fang and Hirst (1973) strength parameters of a soil and stabilized materials, 
cohesion intercept c, and internal friction angle φ can be determined by knowing the tensile strength and 
unconfined compressive strength through graphical method. It is well known that having information 
about strength parameters of soil, unconfined compressive strength qu and tensile strength, σt is essential 
in conventional analyses of the stability of soil systems. The test methods that are commonly used for 
establishing c and φ include direct and triaxial shear tests. These test methods are generally expensive 
and time-consuming and are particularly not suited to test the stabilized material because of the large 
particle sizes and high strengths involved. This often demands the use of large test samples and higher 
load cells/rings (Fang and Hirst, 1973). 
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Figure 3. Tensile strength versus curing time. 
 
Using double punch tensile strength and unconfined compression test would be a simple method to 
determine undrained cohesion intercept and internal friction angle of soil and stabilized materials. 
Undrained internal friction angle of SB and SBC samples in 1 day, 7 day and 28 days are shown in Table 
2. These values were calculated graphically through Mohr-Coulomb circles shown in Figure 4. As it can 
be seen cohesion intercept and internal friction angle of sand bentonite samples slightly increase with 
increase of curing time. The increase of cohesion intercept in SBC samples is significant which was 
expected as the hydration of cement continues to bond the grains. However, the φ values of SBC 
decreased with curing time, which may be contributed to soil getting hardened and act concrete-like. 
Horpibulsuk (2005) indicates that role of the cement in induced cemented clay is mostly to increase the 
cohesion intercept with insignificant change in internal friction angle. 
 
 SB SBC 
 
M 
(radians) 
M 
(degrees) 
M 
(radians) 
M 
(degrees) 
1-day 0.86 49.45 1.08 62.09 
7-day 0.87 49.73 0.25 14.27 
28-day 0.92 52.66 0.34 19.39 
Table 2. Internal friction angles calculated from graphical method. 
Cohesion in soil is mostly due to water phase tension and surface tension associated with air-water 
interface, hence, it’s likely that matric suction is interfering on the presented results. Cohesion of soils 
as correlated by aggregate stabilities and moduli of rupture -flexural strength- increases with time. Some 
cohesive forces can be associated with water layer holding the soil particles together in moist soils. 
Though, cohesion of soils when oven dried, indicate formation of solid phase bonds at particle-to-
particle contacts. Increase of cohesion with time of storage or "curing" under air-dry conditions, specify 
that migration of bonding components continue to strengthen the bonds even when there is as little as 
one molecular layer of water on the mineral surfaces. Moreover, as long as the pressure in the air exceeds 
the pressure of water phase, water causes some cohesion in the soil. However, when the water pressure 
becomes equal to or more than the air pressure and the soil becomes saturated, the water does not help 
soil particles to cohere anymore. Therefore, curing the soil before saturating it helps remolded soil to 
regain solid phase cohesion and disintegrate less (Kemper and Rosenau, 1984).  
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Figure 4. Modified Mohr-Coulomb failure criterion for SB, (a) SB 1 day, (b) SB 7 days, (c) SB 28 days, (d) 
SBC 1day, (e) SBC 7 days and (f) SBC 28 days. 
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5 Conclusions 
Double punch test is a simple method for determining the tensile strength of samples. Using double 
punch tensile strength and unconfined compression test results together can be a practical approach to 
determine undrained cohesion intercept and internal friction angle of soil and stabilized materials 
through Mohr-Coulomb circle method. 
It was also observed that the predicted cohesion intercept of soil in both sand-bentonite and sand-
bentonite-cement samples is increased together with increase of curing time. However, this increase in 
cement enhanced samples is more visible. 
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